. Retinal implant concept. Glasses worn by the patient carry a camera which collects image data. A controller unit with integrated battery pack (not shown) processes the image, then sends image data and power from the battery to the implant wirelessly via inductive coupling. The primary coil is embedded in the patient's glasses and the secondary coil is surgically inserted onto the eye, under the conjunctiva. Abstract-A retinal prosthesis telemetry system is examined, and several methods are explored to optimize the size of the external primary telemetry coil to maximize the wireless delivery of power to an implanted secondary coil of constrained size. A simplified version of the Biot-Savart Law is used to give a first-pass optimal primary coil size for a small secondary coil. Numerical integration is then used to improve the optimization for larger secondary coils, and this calculation is repeated across a range of secondary coil radii. Finally, the effects of eye rotation angle are explored, with the future goal of expanding the optimization techniques to cover the predicted range of angular eye excursions.
INTRODUCTION
Implanted active medical devices are used for neural and muscular tissue stimulation in a variety of applications, such as cochlear implants, cardiac pacemakers, and retinal prostheses [1] - [11] . Most cochlear and retinal prostheses receive power wirelessly, via an inductive telemetry link, from a battery outside the body [12] . Our retinal prosthesis will include an external camera mounted on a pair of glasses, connected to a small controller and battery pack that together are slightly larger than a mobile cellular phone. The glasses will also house a primary coil, which will be inductively coupled to a secondary coil on the eye that is connected to the implanted electronics. This inductive link will be used to transmit power and image data to the implant and status data from the implant (Fig. 1) . We wish to deliver enough power to operate our retinal prosthesis while minimizing the magnetic field levels to which the patient is exposed. Put another way, we wish to maximize collected magnetic field at the secondary coil for a given field generated by the primary coil.
Our current retinal prosthesis prototype [3] uses a secondary telemetry coil that is implanted on the front of the eye, surrounding the cornea, under the conjunctiva. Because of its location, this coil is very constrained in its shape and size, so the mutual inductive coupling between the primary and secondary coils can only be optimized by varying the size of the primary coil. This paper examines the optimal choice of primary coil size with varying degrees of detail and with various methods, and makes an initial exploration into the effects of eye rotation on inductive coupling.
II. BACKGROUND ON INDUCTIVE COUPLING
Delivering sinusoidal alternating current to a coil of wire creates a sinusoidal magnetic field in space. The magnitude of that peak ĳ-directed field, dH, passing through any point distance r from the primary coil, forming angle ș with a small piece of primary coil wire of length ds carrying current I is expressed by the Biot-Savart Law: This expression is not easy to solve symbolically, but it is simple to solve for the field down the axis between the primary and secondary coils. The peak magnetic field, H, at the center of a secondary coil at axial displacement z from a primary coil of radius r p and with N p turns, carrying current with peak amplitude I p , is plotted in Fig. 2 , and is:
This work was supported in part by the VA Boston Healthcare System, Center for Innovative Visual Rehabilitation, NIH (EY016674-01), and the Catalyst Foundation. If the secondary is located one primary coil radius away from the primary, the field at the secondary has already dropped to 35% of the field at the center of the primary. Figure 3 . Definition of terms in the numerical integration script. On the left are the primary and secondary coils, coaxially aligned at distance z. On the right, the primary coil has been rotated, and the field at point P is shown. The field, dH, is normal to the vector r between the piece of secondary coil, ds, and point P. The component of the field that is normal to the secondary coil area, dHŏ, is used for the integration.
We can find a maximum for H by differentiating (2) with respect to r p and setting the result equal to zero, which results in:
This simple result is a handy equation for finding a firstorder optimal size for a primary coil. It works well if the secondary coil is small compared to the primary coil and to the displacement. However, if the secondary coil is not very small, as in the case of our implant, numerical integration should be used to reduce errors. In addition, if the secondary coil is expected to move or rotate, as it will on a rotating eye, the choice of primary coil size should serve to limit the effect of the rotation on power delivered to the implant.
III. METHODS

A. Exact Field Integration
The Biot-Savart Law (1) is numerically integrated across a secondary coil using a script for MATLAB (The MathWorks, Natick, MA, USA) written by the authors and provided in the appendix of [13] . For each small segment of primary coil, the script integrates the normal portion of the resulting field across the area of the secondary coil. Fig. 3 shows the definitions used in this integration.
The first step is to integrate the Biot-Savart expression across a secondary coil to determine the error from using the central field approximation in (2). This is the calculation performed in [13] , and is performed here with a secondary coil radius of 9.75 mm, primary coil radius of 18.5 mm, and displacement between coils of 15 mm. The data are displayed in Fig. 5 in the Results section.
The more interesting calculation uses the numerical field integration calculator to find the primary coil size that maximizes the integrated field strength at the secondary. For this calculation, we assumed a secondary coil with a radius of 9.75 mm, and a displacement between primary and secondary coils of 15 mm. Knowing that the optimal primary coil radius is roughly 1.414 times the displacement, or 21.2 mm, we created a vector of primary coil radii from 18 mm to 27 mm. For each primary coil radius, we integrated the field at every point on the secondary from each point around the primary, then found the mean field throughout the secondary coil. We created a vector of mean values, corresponding to the vector of primary coil radii, and found the maximum mean field and optimal primary coil radius. These data are plotted against field values along the axis from (2) in Fig. 6 in the Results section.
Another useful calculation is finding optimal primary coil sizes for an array of secondary coil sizes at a fixed displacement. We again chose 15 mm as the displacement, but varied the secondary coil radius from nearly zero (15 ȝm) to ten times the displacement (150 mm). As before, we created a vector of primary coil radii, and calculated mean integrated field values across the secondary for each primary radius. We repeated these calculations for each secondary coil radius. These data are presented in Fig. 7 in the Results section.
B. Angular Displacement Measurements
To learn more about the effects of eye movement on inductive coupling, we have created a non-conductive plastic test jig for measuring coupling between coils [13] , and affixed to it a rotating arm with a radius of 12 mm, the approximate radius of the human eye (Fig. 4) . Our secondary coil is affixed to this arm. This secondary coil (Precision Econowind, N. Fort Myers, FL, USA) is the same as that used in our implant [3] . It is wound on a spherical mandrel to better fit the shape of the eye, and is designed to be very low-profile to minimize irritation to the conjunctiva. It contains 74 turns of AWG 44 copper wire (to be replaced with gold wire in human implants), and has a mean radius of 9.75 mm and an inductance of 240 ȝH. Our primary coil for this experiment is 10 turns of AWG 28 copper wire wrapped around a plastic form, with a radius of 22.5 mm and an inductance of 9.66 ȝH. A sinusoidal voltage was applied to the primary coil with an Agilent 33250A function generator with a 50 ȍ output resistance, at voltages of 0.8, 1, and 1.2 V, and at frequencies of 400, 500, and 600 KHz. The resulting voltage on the secondary coil was viewed on a Tektronix TDS3054b oscilloscope and was recorded. The angle of the secondary coil was swept from 0 to 60 degrees from the axis of the primary coil, measured from a crude protractor built into the test jig (Fig. 4) . The data collected were primary coil voltage inputs and secondary coil voltage outputs, and we wanted to plot a normalized version of mean secondary coil magnetic field per ampere of primary coil current. We calculated the primary coil input current as the input voltage divided by the input impedance, which was the sum of the coil impedance (2ʌf L) and the function generator output impedance (50 ȍ). The open-circuit voltage for a secondary coil of N s turns and crosssectional area A s , exposed to mean magnetic field H, is:
The mean field, then, is proportional to the open-circuit voltage divided by Ȧ. We used this value, proportional to the magnetic field, divided by the input current, and divided all of the resulting values by the highest value to normalize. These normalized data are plotted in Fig. 8 in the Results section.
IV. RESULTS AND DISCUSSION
A. Field Integration Data
The exact magnetic field values, numerically integrated from every point on the primary coil, are shown in Fig. 5 for every radial point on the secondary coil. For the coil radii and displacement used in this calculation (typical values for our implant), the field at the edge of the secondary is 89% of the field at the center, and the mean field is 95% of that at the center. This is not an enormous error, but can affect our choice of optimal primary coil size.
The field strengths calculated by varying the primary coil radius are shown in Fig. 6 . The dashed red line shows the mean value across the secondary coil area of the numericallyintegrated magnetic field generated by primary coils of varying radius. The solid blue line shows the axial field, from (2), at the center of the secondary coil. Since the maxima occur at different locations on the plot, these two methods give two different optimal primary coil radii, as shown in the figure. The axial field approximation gives an optimal primary radius of 21.2 mm, as predicted by (3), but the more accurate numerical integration method shows that the optimal primary coil radius is 23.4 mm, meaning the axial approximation gives a 10% error in predicting the optimal coil size.
Repeating this calculation for a variety of secondary coil radii, we obtain the data shown in Fig. 7 . We would expect the field across the very small secondary coil (15 ȝm) to be nearly equal to the field along the axis, and therefore the optimal primary coil radius should be 21.2 mm, as predicted by (3) and as shown in the leftmost vertical line. As the secondary coil radius becomes much larger than the displacement, however, the telemetry coils begin to look like nearly concentric coils with no separation, and the size of the optimal primary coil approaches the size of the secondary coil. For example, as shown by the rightmost vertical line, the optimal primary coil to drive a 150 mm radius secondary at a displacement of 15 mm has a radius of 152.4 mm, almost identical to that of the secondary.
B. Angular Displacement Data
The data showing normalized coupled field per ampere of input current are plotted in Fig. 8 . Blue data represent transmissions at 500 KHz, red lines marked with "o" represent transmissions at 400 KHz, and green lines marked with "x" represent transmissions at 600 KHz. Solid lines represent input drive voltages of 1 V, while dotted blue lines represent 0.8 V and alternating dot-dash blue lines represent 1.2 V. While the secondary coil was rotated up to an angle of 60°, the maximum possible angle of left or right deflection for the human eye is 50° [14] , and the maximum left or right deflections during normal use are 35°. Maximum up or down deflections under normal use are 25° and 30°, respectively, and a normal deflection in any direction is 15° [15] .
As expected, the total field coupled by the secondary coil drops drastically with increasing angular displacement. Some of this is the effect of rotation and some is the effect of displacement off of the axis of the primary coil and displacement farther away from the primary. A cosine function is plotted as a dotted magenta line for reference, representing the purely rotational component of the drop in field with increasing angle. In a clinical implant, we expect the impact of this reduction in coupled field to be relatively minor under normal circumstances with 15° angular displacement.
V. CONCLUSIONS AND FUTURE WORK
We have presented a number of methods for choosing a primary coil size that will maximize the total magnetic field coupled by the secondary coil of a wirelessly-powered medical implant, in our application a retinal prosthesis. We have shown the simple case of the field down the center axis of the primary coil. Assuming the field everywhere on the secondary coil is the same as the axial field, the optimal primary coil size can be solved explicitly in this case. But we have also shown by numerical integration that the magnetic field will generally be smaller at points farther from the axis on the secondary coil, and that this can result in an error in optimal primary coil size of 10% in the case of our coil sizes and separation. We also recalculated the optimal primary coil size for a wide variety of secondary coil sizes, showing the transition from the central axis field optimization to a case of nearly concentric telemetry coils. Finally, we explored the effect of angular rotation of the secondary coil on a 12 mm radius to simulate eye movement. While the total field collected by the secondary will drop, the effect should not be insurmountable in a clinical implant with normal angular eye movement. All of these optimizations will maximize the power received by the implant for a given magnetic field generated by the primary coil, allowing us to power a retinal prosthesis while minimizing the magnetic field exposure of the patient.
We will continue work on this topic, using the numerical integration tool created by the authors to predict magnetic coupling coefficients for telemetry coils. We will take measurements of coupling with a variety of primary and secondary coil sizes to verify the numerical data. We also plan to further explore the effects of angular displacement, trying to separate the effects of simple rotation from the effects of displacement off the primary coil axis, and displacement away from the primary coil. We will also predict the reduction in total power coupled to an implant under typical eye rotation 978-1-4244-8132-3/10/$26.00 ©2010 IEEE angles. Finally, we hope to further optimize the primary coil size to create a telemetry system that is more tolerant of normal eye rotation.
